In photosynthesis light absorption by light-harvesting pigment-protein complexes is followed by transfer of excitation energy to reaction centers that perform the primary photochemistry. Modulation of the photosynthetic apparatus allows it to adjust to variations in light quality, intensity, and duration (for reviews, see Demmig-Adams, 1990; Demmig-Adams and Adams, 1992; Dau, 1994; Horton et al., 1994). When the rate of photon absorption in the lightharvesting complexes exceeds the maximum rate of energy utilization by the dark reactions of photosynthesis, the excess excitation energy may cause damage to the photosynthetic machinery (photoinhibition). PSII is particularly prone to such damage, and protective mechanisms have been shown to operate within PSII whenever potential photoinhibitory conditions prevail. A photoprotective mechanism, described as down-regulation of PSII (Horton and Ruban, 1992), enhances thermal dissipation of excita- tion energy and balances light absorption with photosynthesis. Down-regulation is thought to operate within LH-CII, although the involvement of the reaction centers in this process has not been ruled out.
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Down-regulation of PSII is usually monitored indirectly by measuring the relative Chl fluorescence yield, which reflects the density of Chl excitation in the antennae (Schreiber et al., 1986) . The maximum fluorescence probed with saturating light (which tends to close PSII reaction centers) declines rapidly, reflecting the development of a quenching mechanism. A large part of the quenching capacity relaxes within minutes in the dark and is correspondingly designated as reversible nonphotochemical quenching, or down-regulation of PSII. Slowly reversible or irreversible quenching can result from permanent photodamage to constituents of PSII or represent sustained-type quenching (Horton et al., 1994; Ruban and Horton, 1995) .
It was previously shown that the development of PSII down-regulation depends on the formation of a ApH across the thylakoid membrane (Krause and Behrend, 1986) and is often described as energy-dependent quenching. Another important factor implied in the process is zeaxanthin, a xanthophyll formed by the de-epoxidation of violaxanthin. This conversion, which is part of the xanthophyll cycle, is induced under high light fluxes and by environmental factors, e.g. nutrient limitations and exposure to pollutants, that limit the rate of photosynthesis (for reviews, see Demmig-Adams and Adams, 1992; Pfundel and Bilger, 1994) . ApH is partly required for violaxanthin de-epoxidation (Yamamoto, 1979) and partly for another yet-unknown function (Rees et al., 1989) .
New insights into plant responses to excessive light intensities were gained in recent studies on Dunaliella, a genus of unicellular green algae outstanding in its ability to withstand highly intense sunlight. Because Dunaliella closely resembles higher plants in photosynthetic apparatus, it provides a useful model to unravel conserved lightstress responses and photoprotective mechanisms.
An approach based on differential screening of Dunaliella bardawil cDNA libraries led to the cloning of cbr, a gene specifically expressed under excess light conditions (Lers et Abbreviations: Elip, early-light-induced protein; F, , fluorescence yield of the "closed" state of PSII; F, , , fluorescence determined for dark-adapted cells; F, , , value of F , at the end of the relaxation period; F,,, steady-state leve1 of F, ; F,, fluorescence yield of the "open" state of PSII; LHCII, light-harvesting complex of PSII; ApH, pH gradient; SF, SF-6847 (3,5-di-tert-butyl-4-hydroxybenzylidenemalononitrile). Plant Physiol. Vol. 11 O, 1996 al., 1991) . The gene encodes a protein homologous to Elips, originally characterized as products of genes transiently activated in etiolated seedlings of pea and barley upon their exposure to light (Meyer and Kloppstech, 1984; Grimm and Kloppstech, 1987) . Similar to cbr, elip genes were later shown to be induced by light stress in fully developed leaves (Adamska et al., 1992) .
The induction conditions of cbv and elip genes and the distinct similarity of their products to apoproteins of lightharvesting complex of PSI and LHCII (Green et al., 1991; Lers et al., 1991) led to the proposal that Elips and their alga1 counterpart, Cbr, were pigment-binding proteins fulfilling a photoprotective function within the antenna complexes (Lers et al., 1991) . In support of this proposal, Cbr was subsequently shown to be closely associated with a minor LHCII (Levy et al., 1992) . Furthermore, evidence was presented that Cbr possibly functioned as a zeaxanthinbinding protein (Levy et al., 1993) .
Based on these results, putative zeaxanthin-Cbr complexes were proposed to play a role in nonphotochemical quenching. However, kinetic comparisons (H. Levy and A. Zamir, unpublished results; this study) indicated that in light-stressed cells zeaxanthin accumulated more rapidly compared to Cbr. Comparisons of the rates of Elip induction and zeaxanthin accumulation in higher plants (cf. Meyer and Kloppstech, 1984; Adamska et al., 1992; Demmig-Adams and Adams, 1992) indicates that also in these cases, pigment accumulation precedes that of the protein. This course of events raised the possibility that the quenching mechanism may be affected by the organizational state of zeaxanthin, i.e. whether or not it is bound to Cbr. In the present study we set out to investigate this possibility by comparing cells exposed to excess light conditions for severa1 characteristics of nonphotochemical quenching by monitoring the accumulation of zeaxanthin and Cbr. The results support the existence of two types of reversible nonphotochemical quenching mechanisms and suggest that zeaxanthin-Cbr complexes enable quenching to develop largely independently of the trans-thylakoid ApH.
MATERIALS A N D M E T H O D S Algae and Crowth Conditions
The origin and clone purification of Dunaliella bardawil, the composition of sulfate-depleted media, growth conditions, and sulfate starvation were as described previously (Lers et al., 1990) . The media contained 1 M NaCI. Fluorescence analyses were conducted invariably with cultures in the logarithmic growth phase.
Light Conditions
Cells were grown under two white-light regimes: low light (14 p E m-* s-l) or normal light (60 pE m-' s-l), essentially as described previously (Lers et al., 1990) .
Pigment Extraction and Analysis
Pigments were extracted from whole cells with ethanol: hexane (2:1, v/v) as described by Shaish et al. (1991) . HPLC column and solvent conditions, pigment identification, and quantitation were as described previously (Levy et ,al., 1993) .
lmmunoblot Analysis
The analysis employing anti-Cbr antibodies was essentially as previously described (Levy et al., 1992) . Instead of using 1251-protein A, immunoreactive bands were detected by ECL (Amersham) using peroxidase conjugated to antirabbit IgG.
Fluorescence Measurements
Fluorescence was measured by the pulse-amplitude modulation method (Schreiber et al., 1986 ) utilizing ecpipment specially designed for this purpose (I'AM 101 Chl fluorometer, Heinz Walz, Effeltrich, Germany). Alga1 suspensions of 1 mL, containing 7 x i05 to 9 x i05 cells, were placed in a special cuvette with a mirrored bottom that was illuminated from above by the common end of a multibranched light guide, and were well stiTred. Fluorescence was delivered from the cuvette through one of the lightguide branches to the detector. The relative fluorescence quantum yield was probed by a red (650 nm) low-intensity (0.4 pE m-'s-') measuring light, pulsed at high frequency (1 kHz). The fluorescence parameter F , was obtained conventionally as the peak value of the fluorescence obtained by adding a brief, white-light pulse of supersaturating intensity (approximately 2000 p E m-* s-l). The fluorescence parameter F , was obtained for dark-adapted cells with the measuring light alone. The general protocol for observing nonphotochemical quenching and its relaxation (cf. Fig. 1 ) consisted of (a) a dark-adaptation period, at the end of which the value of F , was probed by turning on the measuring light (which remained on throughout the whole measurement period); (b) F , was probed with one or two supersaturating pulses; (c) "actinic light period," during which the cells were illuminated with red (650 nm) non-
superimposed by a series of 1-s supersaturating pulses fired at 10-s intervals to probe F, ; (d) a relaxation period, during which only the measuring light remained on; (e) at the end of the relaxation period a single supersaturating pulse was applied to obtain the value of the relaxed F, . During the actinic light period, F , normally declined, reaching, within 2.5 min, a steady-state leve1 denoted as FmS. In some measurements in the presence of the uncoupler, F , did not reach steady state. In such cases, F, values recorded 2.5 min after the start of the actinic light period were also designated as Fms. The reversible portion of nonphotochemical quenching (qN,) was defined by the coefficient qN, = (1 -Fms/Fmr).
Treatment with Uncouplers
To investigate the effect of uncouplers, we used SF (kindly provided by E. Bakker, University of Osnabrück, Germany) or carbonyl cyanide p-trifluoromethoxyphenyl hydrazone to a final concentration of 1 or 10 p~, respec- tively. The activity of SF as a potent uncoupler has been characterized (Terada, 1975; Pick, 1981; Pick et al., 1987) . The uncouplers were added to the cell suspension at the start of the dark-adaptation period that preceded the fluorescence measurements.
RESULTS

Sulfate Starvation
Growing D. bardawil cells exhibit several responses when exposed to high light intensities (typically above 1500 PE m-' s-'), including p-carotene accumulation, conversion of violaxanthin to zeaxanthin, and Cbr synthesis. Similar responses are exhibited under much lower light intensities (60-100 /LE m-' s-l, normal light) when the cells are starved for sulfate (Lers et al., 1990 (Lers et al., , 1991 Levy et al., 1992 Levy et al., , 1993 . These responses to excess light are not elicited in the sulfate-starved cells under lower light intensities (14-30 pE starved cells cease to divide and apparently do not undergo any major reorganization in their photosystems as judged by the relatively little change in the total Chl content and composition. Less than 20% decrease in total Chl and less than 5% change in the Chl a to b ratio were observed over 4 d of starvation under normal light (data m--2 s -1 , low light). Regardless of the light conditions, the 1 " 3 3 ; not shown). These characteristics make sulfate-starved D. bardawil cells grown under low or normal light highly useful for studies of long-term adaptation to excess light conditions, where the interpretation of the results is not seriously compounded by gross compositional variations.
Quenching of Chl Fluorescence in Sulfate-Starved
D. bardawil Figure 1 shows Chl fluorescence measurements of nonstarved D. bardawil and of algae starved for sulfate under low or normal light intensity for approximately 48 h. A11 fluorescence measurements were conducted with the original cultures because dilution or concentration by centrifugation were both stressful to Dunaliella, which is devoid of a cell wall.
In the nonstarved and sulfate-starved cultures, appreciable quenching developed during the "actinic light period" (see "Materials and Methods"), so that F , declined from its initial value Fmi to a lower, steady-state low level, .F,,, within 2 to 3 min. When a11 of the actinic light sources were turned off, the fluorescence quenching capacity relaxed within several minutes so that F , elicited by a supersaturating pulse reached an F, , value amounting to at least 80% of Fmi. also possible to notice F , quenching and its subsequent relaxa tion. In assays without uncoupler, one can notice several differences between the different types of cells. The most visible of these changes is the higher degree of both F , and F , quenching in cells starved under normal light in comparison to nonstarved or low-light starved cells. This change is probably related to the accumulation of zeaxanthin, as described below.
The uncoupler SF (Terada, 1975; Pick, 1981; Pick et al., 1987) exerted markedly different effects on fluorescence quenching depending on starvation time and light regime. In unstarved cells and cells starved under low light, F , decreased much more slowly during the actinic light period relative to controls without uncoupler and did not reach a steady-state level within the time of the measurement. In contrast, in cells starved under normal light, F , quenching was practically unaffected by the uncoupler.
In nonstarved cells and cells starved under low light, SF exerted several marked effects in addition to inhibition of F , quenching. The fluorescence levels measured between the saturating light pulses in the actinic light period reached much higher levels compared to the values measured without uncoupler. This enhanced closure of PSII might be related to the limitation of the electron transport flux through PSII in the presence of uncoupler. Another effect concerned the fluorescence level following the actinic light period, which remained considerably higher than the dark value of F , and relaxed very slowly. The cause for this response is not known. These effects were absent or less pronounced in the cells starved for 48 h under normal light. During the "actinic light period" in the presence of uncoupler, there was still a tendency for a higher degree of PSII closure, compared to cells without uncoupler, but the effect of uncoupler was much milder than that observed with the other types of cells. This difference may arise from the fact that the quantum yield of photochemistry is also subject to quenching, which might become resistant to inhibition by uncoupler. Following the actinic light period, the presence of uncoupler did not cause any significant difference in the fluorescence level, which remained lower than or equal to F,.
Uncoupler Sensitivity of Fluorescence Quenching in
Relation to the Accumulation of Zeaxanthin and Cbr
D. bavdawil cells were analyzed in the course of sulfate starvation for fluorescence behavior in the absence or presente of uncoupler in parallel to estimations of xanthophyllcycle pigments and Cbr protein (Fig. 2) . Fluorescence quenching development, measured essentially as shown in Figure 1 , is presented by a plot of 1 / F , over time during the actinic light period (Fig. 2A) . Without uncoupler fluorescence quenching was higher in normal-light cells than in low-light cells.
The effect of SF on the quenching depended on the light regime and time of starvation. In normal-light cells at the start of starvation (not shown; also see Fig. 1 ) or after 24 h of starvation, SF partially inhibited the development of quenching. In cells starved for 48 or 73 h under normal light 1 / F , rea'ched the same steady-state level regardless of the presence or absence of SF, although SI?-treated cells developed fluorescence quenching more slowly than imtreated cells. These results indicate that uncoupler insensitivity of quenching developed after prolonged starvation under normal light. In low-light cells SF strongly inhibited fluorescence quenching throughout the entire starvation period, indicating that no mechanism conferring insensitivity to uncoupler developed under these conditions.
A parallel analysis of xanthophyll-cycle pigments (Fig.  2B ) indicated a sharp rise in zeaxanthin level within the first 24 h of starvation under normal light. Zeaxanthin accumulation at that time was approximately 85% of the maximal level attained in the cells starved for 48 h. Violilxanthin level declined concomitantly with the increase in zeaxanthin. Tn the low-light cells the relative proportions of the xanthophyll cycle pigments varied only mildly during the first 24 h of the experiment. Conversion of violaxanthin to zeaxanthin was evident at later times, and a 2-fold increase in the relative amount of zeaxanthin was obse:rved after 73 h of starvation.
Analysis of Cbr ( A comparison of fluorescence quenching characteristics with the extent of accumulation of zeaxanthin and Cbr indicates that insensitivity to uncoupler coincides more closely with Cbr accumulation than with violaxanthin deepoxidation to zeaxanthin. Zeaxanthin accumulation after 24 h under normal light is 85% of the maximal level, yet nonphotochemical quenching is largely inhibited by SF; full insensitivity to uncoupler is exhibited by cells starved for 48 h, in which Cbr accumulation had reached its maximum.
Effect of Uncouplers on Reversible, Nonphotochemical
Quenching during Sulfate Starvation
The component of quenching that is reversed within several minutes is defined by the parameter qN, = 1 -F,,/F,, (cf. "Materials and Methods"). Values of qN, obtained in assays conducted in the absence or presence of the uncoupler SF were plotted as a function of the time of sulfate starvation under low or normal light (Fig. 3) . Fluorescence values for cells assayed with carbonyl cyanide p-trifluoromethoxyphenyl hydrazone, obtained for several time points (data not shown), agreed with the values obtained with the SF-treated cells, indicating that the effects observed were not unique to SF.
In the presence of SF low-light cells exhibited negligible qN, levels throughout the starvation period. With normallight cells SF reduced qN, at early times of starvation, but its effect was completely abolished in cells starved for 48 h. In the absence of uncoupler normal-light cells showed a significant increase in qN,, whereas low-light cells exhibited no appreciable change with time. The increase in qN, could perhaps be related to the rise in zeaxanthin level during starvation under normal light (cf. Fig. 2). www.plantphysiol.org on November 11, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. • § °' 6
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DISCUSSION
Increased thermal dissipation of light energy, as indicated by nonphotochemical quenching of Chl fluorescence, has been observed in a variety of plant systems. Accumulation of zeaxanthin and formation of trans-thylakoid ApH were implied as critical factors in the quenching mechanism. Zeaxanthin effective in quenching could be preaccumulated and/or induced during the fluorescence assay (Demmig-Adams and Adams, 1992) .
Under the conditions used in this study to generate excess light conditions in D. bardawil, the violaxanthin-tozeaxanthin conversion occurred relatively slowly, but after 24 h of starvation it had reached 85% of the maximal level attained at 48 h. A much slower conversion was evident in low-light cells. Although both normal-light and low-light cells exhibited reversible, nonphotochemical quenching, insensitivity to uncoupler, i.e. ApH independence, developed only in the normal-light cells starved for a relatively prolonged period. This behavior is consistent with the possibility that under normal-light but not low-light conditions, a component accumulating more slowly than zeaxanthin modulated the mechanism of reversible, nonphotochemical quenching so as to render it less dependent on ApH. The induction conditions and time course of Cbr accumulation, together with its LHCII localization and proposed association with zeaxanthin, make this protein a likely candidate for being this component. However, the possible function of still-unidentified factors that show regulatory and topological characteristics similar to those of Cbr cannot be excluded.
The following scheme emerges on the basis of these considerations. In the absence of Cbr, reversible, nonphotochemical quenching requires the formation of a transthylakoid ApH, or lumen acidification. This requirement persists, at least partially, even when zeaxanthin accumulated to nearly its maximal level but when Cbr has only started to appear. Later, when Cbr accumulation has reached its peak, the ApH requirement for development of nonphotochemical quenching is significantly reduced or even abolished.
Although the detailed molecular mechanism of nonphotochemical quenching is still not known, two basic alterna- tives were considered previously. According to one proposal, zeaxanthin is a direct quencher of Chl by excited singlet energy transfer (Demmig-Adams, 1992; Owens et al., 1993) . The dependence of quenching on ApH has been attributed to protonation of lumen-facing proteins required to render the electronic properties/polarizability of zeaxanthin suitable for quenching of Chl fluorescence (Owens et al., 1993) . Another alternative supposes that quenching results primarily from aggregation of LHCII antenna complexes, possibly creating quenching centers (Horton et al., 1994) . According to this proposal lumen acidification induces aggregation via protonation of lumen-exposed residues of LHCII proteins, and zeaxanthin is thought to facilitate this process.
Shared by these two proposals is the view that lumenfacing proteins play a critica1 role in quenching and that protonation of critical residues within these proteins is the major role of ApH. Possibly de-epoxidation can take place on violaxanthin bound to regular Chl a / b binding proteins (Pfundel and Bilger, 1994 ). The formed zeaxanthin might then remain bound to the same apoprotein until it is replaced by the specialized Cbr. It is possible that in this configuration, the requirement of protonation or lumen acidification is lessened or even abolished.
One should keep in mind, however, that quenching development invariably required light. This suggests that a residual ApH, perhaps generated even in the presence of uncoupler, is necessary for quenching to develop. An alternative, yet-unknown role of light can also be considered.
The data presented here might possibly be related to the observation that preaccumulated zeaxanthin can partially compensate for the ApH requirement of nonphotochemical quenching (Horton et al., 1994 
